Atomic structures and ionic substitutions in sodium titanate ͑Na 2−x H x Ti 3 O 7 ͒, having Ti 3 O 7 sheetlike layers with Na + and H + in between, were investigated by first-principles calculations. The formation energies via ion exchange of Na + and H + were analyzed by using the supercell total energies and ionic chemical potentials determined with the aid of experimental thermodynamic data. It was found that ionic substitutions of Na + by H + take place even in alkaline solution conditions as found in previous experiments. In addition, the bonding strength between the Ti 3 O 7 layers tends to decrease with more Na + substitutions by H + , which is related to pH effects on exfoliation events of Ti 3 O 7 sheetlike layers from layered titanate prior to the nanotube formation.
I. INTRODUCTION
Recently, titanate nanotubes have drawn great scientific and industrial attention, since Kasuga et al. reported preparation of TiO 2 -derived titanate nanotubes by an alkaline hydrothermal method. 1 The nanotube fabrication by the alkaline hydrothermal method can be easily performed by treating TiO 2 powder in a superboiled ͑110-150°C͒ solution of concentrated NaOH ͑5-15 M͒ without any sacrificial templates. The titanate nanotubes are multiwalled scroll-type open-ended ones with a diameter of about 80 Å and a layered spacing of about 7 -8 Å. These titanate nanotubes are expected that their unique structure derives numerous applications not only to photocatalysis [2] [3] [4] [5] and catalysis, [6] [7] [8] [9] but also to ion exchange, [10] [11] [12] Li battery, [13] [14] [15] hydrogen storage, 16, 17 and even a nanoscale confinement tool 18, 19 or reaction environment. 20 Many groups have attempted to reveal a formation mechanism of the TiO 2 -derived titanate nanotubes. Apparently, there is a consensus that, after breaking of chemical bonds in the starting three-dimensional TiO 2 structure by high concentrated NaOH aqueous solution, layered titanates are formed as intermediate, and then they converted into nanotubes through a Ti-O sheet folding mechanism. Sodium titanate ͑Na 2 Ti 3 O 7 ͒ is regarded as one of candidates for the intermediate phase ͑the crystal structure shown in Fig. 1͒ . This is because this material has a crystal structure containing Ti-O layers and the chemical composition of the individual Ti-O layer ͑Ti 3 O 7 ͒ is close to a typical Ti/O molar ratio of the TiO 2 -derived titanate nanotubes ͑such as H 2 Ti 3 O 7 ͒. However, the nanotube formation occurs in concentrated NaOH solutions, and it is expected that Na + ions in this phase may be partially substituted by other ions, typically H + , via ion exchange. Concentrations and spatial distribution of such ionic substitutions in the layered titanate will strongly affect exfoliation events of Ti 3 O 7 sheets from the layered titanate prior to the sheet folding. In this regard, Zhang et al. and their co-workers theoretically investigated properties and the cleavage mechanism of Ti 3 O 7 sheets from H 2 Ti 3 O 7 by first-principles calculations, [21] [22] [23] [24] and discussed that the asymmetric attachment of protons on two surfaces of Ti 3 O 7 sheets induces cleavage and folding of the sheets. However, they did not take into account the effect of NaOH solution for the exfoliation mechanism and the sequential nanotube formation. The NaOH-solution effect will be essential because highly concentrated NaOH solutions were commonly used for the nanotube fabrication. Moreover, according to Morgado Jr. et al., 25 Na content and the degree of ion exchange by protons in titanate nanotubes are considered to play an important role for the atomic structures and thermal stability.
In this study, electronic and atomic structures of the layered titanates ͑Na 2−x H x Ti 3 O 7 , x =0-2͒ are calculated by firstprinciples calculations, in order to investigate the stable composition in concentrated NaOH aqueous solution. Na 2 Ti 3 O 7 and H 2 Ti 3 O 7 are used as starting structural models, and substitutions of H + or Na + ions in their structures are considered. Formation energies of the substituted layered-titanate structures are evaluated from total energies of supercells, together with chemical potentials determined under chemical equilibrium with NaOH aqueous solution. From the pH-dependent stability of the layered titanates and cleavage energies of Ti 3 O 7 sheets, the NaOH aqueous solution effect on exfoliation of the Ti 3 O 7 sheets from the layered titanate, which occurs prior to the nanotube formation, will be discussed.
II. COMPUTATIONAL METHOD

A. Electronic structure calculation and supercell
First-principles electronic structure calculations are performed by the projector augmented wave ͑PAW͒ method, implemented in VASP. [26] [27] [28] The generalized gradient approximation ͑GGA͒ is used for the exchange-correlation potential, and the GGA functional proposed by Perdew et al. 29 is employed. Wave functions are expanded up to a plane-wave cutoff energy of 500 eV and the Brillouin-zone integration is performed by the 2 ϫ 2 ϫ 2 Monkhorst-Pack scheme for supercell calculations described below. The k-point sampling condition ensures a good accuracy of total energies for layered titanate within about 1 meV/f.u. Based on forces on atoms calculated, all atomic positions, cell parameters and cell shapes of unit cells and supercells are allowed to relax until their forces converge to less than 0.02 eV/ Å. In the PAW potentials, electrons of 1s 1 
͑5͒
For ⌬G f ‫ؠ‬ ͑Na + ,aq͒, the experimental thermodynamic data at T = 298 K is used in this study. The bcc solid phase of Na and the isolated H 2 molecule are separately calculated in the first-principles manner, and the total energies per atom or molecule are used to evaluate Na,s ‫ؠ‬ and H 2 ,g ‫ؠ‬ . It is noted that temperature-dependent entropy and enthalpy terms were also considered for H 2 ,g ‫ؠ‬ , which was described in detail elsewhere. [33] [34] [35] 
C. Activities of ionic species in concentrated NaOH aqueous solution
In order to calculate ⌬E form , the remaining forth term in Eq. ͑4͒ has to be prepared. In NaOH aqueous solutions, the activity of Na + ͑a Na + ,aq ͒ and the solution pH are correlated with each other. In this study, a NaOH concentration of the aqueous solution is assumed, and then the solution pH is evaluated in the following manner.
At a given concentration of NaOH in the solution, molalities of Na + ͑m Na + ,aq ͒ and OH − ͑m OH − ,aq ͒ can be considered to be equal to each other. Also, the activity coefficients of the respective ions cannot be independently determined, and thus are generally approximated by the mean activity coefficient ␥ Ϯ ͑Х␥ Na + ,aq = ␥ OH − ,aq ͒ which is defined as ␥ Ϯ = ͱ ␥ Na + ,aq ␥ OH − ,aq .
͑6͒
Since it is not straightforward to calculate the activity coefficient theoretically, the experimental value as a function of molality of NaOH is used here. 36 Then the activity of Na + and OH − in the solution can be determined as follows:
a Na + ,aq = m Na + ,aq ␥ Na + ,aq , and a OH − ,aq = m OH − ,aq ␥ OH − ,aq .
͑7͒
In terms of the ionic product of water ͑K w ͒ and the water activity ͑a H 2 O ͒, the following equation is also obtained,
From this equation, the solution pH͑=−log a H + ,aq ͒ can be given as pH = log a OH − ,aq − log K w − log a H 2 O . ͑9͒
In a normal aqueous solution, the water activity a H 2 O is considered to be unity. However, it was experimentally reported that a H 2 O tends to decrease with increasing NaOH concentration. 37 The highly concentrated NaOH solutions ͑the pH range of more than 10, as found in the common Ti-O nanotube fabrication͒ are mainly considered in the present study, hence the experimental a H 2 O value against the NaOH content ͑Fig. 3͒ is used to evaluate the solution pH. From the values of a Na + ,aq and pH thus evaluated, the formation energies of Na 2−x H x Ti 3 O 7 can be calculated by using Eq. ͑4͒.
III. RESULTS AND DISCUSSION
A. Atomic structures of Na 2−x H x Ti 3 O 7 Figure 4 displays calculated formation energies of all possible configurations as a function of x, according to the ionexchange reaction of Eq. ͑1͒. In this case, the solution pH is assumed to be 16, which corresponds to the NaOH concentration in solution of 10.9 mol/kg, as estimated from Fig. 3 and Eq. ͑9͒.
In the compositions of 0 Յ x Յ 0.75, the most stable atomic structures have the same Ti 3 O 7 -layer stacking sequence as found in Na 2 Ti 3 O 7 given by Andersson et al. Pálinkás et al. 38 defined the presence of hydrogen bonds between two H 2 O molecules from the O¯O distance of less than 3.28 Å and the angle between the O-H bond vector and the O¯O vector ͑ЄH-O¯O͒ of less than 20°. According to this definition, the local atomic structures of the proton in Na 2−x H x Ti 3 O 7 are analyzed. Table II shows O-H bond lengths, O¯O distances, and ЄH-O¯O angles around the protons. Since the local bonding configurations of H + in Na 2−x H x Ti 3 O 7 ͑1 Յ x͒ satisfy the above definition, they are considered to play an important role for making hydrogen bonding linkages between the Ti 3 O 7 layers.
B. Formation energies as a function of pH
For the most stable atomic configurations for the respective x values ͑Figs. 4 and 5͒, the dependence of their stability on the solution pH is investigated. Figure 6 shows formation energies of Na 2−x H x Ti 3 O 7 as a function of pH. As can be understood from Eq. ͑4͒, the formation energies tend to increase with rising pH, except for x = 0. As more Na + ions are substituted by H + ions ͑increasing x͒, the gradients of the formation energy variations tend to become steeper. As a result, it can be seen that the most energetically favorable compositions are found to be x =1͑NaHTi 3 O 7 ͒ for pH Ͼ 14.9, x = 1.5͑Na 0.5 H 1.5 Ti 3 O 7 ͒ for 14.4Ͻ pH Ͻ 14.9, and x =2͑H 2 Ti 3 O 7 ͒ for pH Ͻ 14.4. Since typical titanate-nanotube fabrication experiments used about 10 M NaOH solutions, which corresponds to the pH condition of around 16 as estimated from Eq. ͑9͒ and Fig. 3 6, 39 argued the formation mechanism of titanate nanotubes from TiO 2 in the NaOH treatment of the hydrothermal process. In the proposed mechanism, the layered titanate formed as intermediate would undergo Na + exchange with H + during a post-treatment of acid washing. The smaller pH in the post-treatment promotes the nanotube formation from the layered titanate, and the material is eventually transformed into anatase in further acidic conditions. In this regard, the present calculations also showed the similar tendency that Na + content in Na 
IV. SUMMARY
First-principles calculations were performed for Na 2−x H x Ti 3 O 7 , to investigate the stable atomic structures when the compounds equilibrate with concentrated NaOH aqueous solutions. The formation energies via ion exchange with Na + and H + were analyzed by using the supercell total energies and the ionic chemical potentials determined from a combination of first-principles results and experimental thermodynamic data. It was found that Na + content in Na 2−x H x Ti 3 O 7 decreases with decreasing pH, and yet ionic substitutions by protons take place even in rather alkaline conditions employed in previous experiments. In addition, the interlayer bonding strength between the Ti 3 O 7 layers tends to decrease with more substitutions of Na + ions by H + ions, which is related to pH effects on exfoliation events of Ti 3 O 7 sheetlike layers from layered titanate prior to the nanotube formation.
